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The mixed conducting solid solution 0.7513i203-0.25Tb407 (BT40) was studied by impedance techniques u ing ionically blocking 
electrodes. These measurements confirmed the p-type lectronic conductivity suggested in literature. In air at temperatures be- 
tween 600 and 900 K the ionic transference number ranges from 0.28 to 0.70. The total conductivity at833 K in air is 0.93 ~ 
m-~. The activation enthalpy for the electronic conductivity varies from 77 kJ/mol in pure O2 to 83 kJ/mol in an ambient with 
Po2 = 2 × 10 -4 atm. The electronic conductivity seems to be a function of the sample geometry and increases with decreasing cross 
section to height ratio. The activation enthalpy for the ionic conductivity being 110 kJ/mol, is independent of the Poz and does 
not depend on the sample geometry. 
1. Introduction 
Bismuth oxide based mixed conducting ceramics 
are potentially interesting as electrode materials and 
semi-permeable membranes for use in electro-cata- 
lytic and permeation reactors. The materials ystem 
terbium oxide-bismuth oxide has already been stud- 
ied by a number of authors with respect o the phase 
composition [ 1-3 ], the conductivity [ 1-3,4,5 ], the 
stoichiometry, i.e. the ratio of Tb 3 +/Tb  4+ [ 6 ], and 
the oxygen permeation [ 7 ]. 
From the phase studies it follows that in the solid 
solution with the composition 75 mol% Bi203-25 
mol% Tb4OT, i,e. Bil.2Tb0803_~. (BT40) the high 
temperature fcc structure is stable down to room 
temperature. The total conductivity (0.7 S cm -~ at 
800 K [ 5 ] ) is close to the conductivity of 8-Bi203. 
The conductivity data and transference number data 
presented by several authors, however, scatter con- 
siderably. Furthermore data on the ionic and elec- 
tronic conductivity as a function of oxygen partial 
pressure are scarce [2 ]. These data are especially im- 
portant for the understanding of the oxygen per- 
meation properties of a mixed conductor. 
The lack of reliable data has prompted us to in- 
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vestigate the conductivity of BT40 as a function of 
oxygen partial pressure, temperature and sample ge- 
ometry and to relate these results with oxygen per- 
meation data on Bi203-M203 solid solutions with 
M = Tb, Y or Er. Instead of using the concentration 
cell method for measuring the transference number, 
a method involving frequency dispersion measure- 
ments on samples with ionically blocking electrodes 
is used. 
2. Experimental 
The solid solution of bismuth oxide and terbium 
oxide was prepared using the co-precipitation method 
as described for erbia stabilized bismuth oxides by 
Kruidhof et al. [ 8 ]. Stoichiometric amounts of high 
purity Bi203 and Tb407 were dissolved in concen- 
trated nitric acid. This solution was slowly added to 
a 4M ammonia solution. The precipitate was filtered 
and rinsed with distilled water. The precipitate was 
then dried in a furnace at 350 K, ball milled and cal- 
cined for at least eight hours at 1023 K. After cooling 
the powder was wet milled in acetone in a satellite 
mill for eight hours and was subsequently dried in 
air. The dried powder was first uniaxially and then 
isostatically pressed into boules. These boules were 
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placed in a crucible on a layer of their own powder 
and sintered for 16 h at 1143 K. This method pre- 
vents preferential evaporation from the boule as the 
atmosphere is in equil ibrium with the surface of the 
boule. 
The furnace was heated and cooled at a rate of I c/  
min. The density of the boules after sintering is bet- 
ter than 98% of the theoretical density 
(pth=8.69× 103 kg/m 3) as calculated from XRD 
data. 
After sintering, cylindrical samples with various 
cross sections to height ratios were cut from the 
boules (see table 1 ). Both faces of these samples were 
polished with 0.05 p.m A1203 powder. Subsequently 
both faces of the samples were covered with a 1-2 
gm thick gold layer first by de-sputtering and fol- 
lowed by vacuum deposition. Special precautions 
were taken to prevent he gold from covering the side 
walls of the samples. The samples were annealed for 
one hour at 1143 K. The heating and cooling rate of 
the furnace was again l : /min .  The annealed elec- 
trodes were inspected by SEM. The gold layers did 
not show porosity aside from an occasional pinhole. 
The gold electrodes are assumed to be sufficiently 
gas tight to create an ionically blocking electrode. 
The sample was placed between two spring-loaded 
circular gold contacts of  10 mm (~ in a furnace with 
a controlled and constant atmosphere. 
The frequency dispersion of all samples was mea- 
sured as a function of temperature in air. For sample 
A the dispersion was also measured as a function of 
P,)~. Impedance measurements were performed us- 
ing a Solartron 1255 FRA. The schematic setup is 
presented in fig. 1. The 50 f~ resistor functions as a 
pull up resistor for the signal generator. Rm is the 
measuring resistor. The measurements were per- 
formed at constant emperature and Po=- The signal 
amplitude was 10 mV peak-peak. 
In nitrogen (Po: =2× 10 -4 aim.)  frequency dis- 
Fable 1 
Geomctry data for the BT40 samples. 
Sample 0 h Cross section/ 
( mm ) ( mm ) height ratio 
( mm ) 
A 10.0 1.5 52.4 
B 7.82 1.43 33.6 
C 7.82 4.55 10.6 
PC 
Solart ron 1255 FRA 
500 
Sample  Rn, 
load  
Fig. l. Connection scheme lbr impedance measurements in a two 
electrode cell. 
persion was observed for sample A. The dc resis- 
tance (Z(oo) .... o), however, could not be deter- 
mined from the dispersion (see fig. 3 ). In these cases 
the dc resistance of the sample was established by 
applying adc  potential of 10 mV across the sample. 
After sufficiently long waiting times to ensure steady 
state conditions the current was measured. The ex- 
periment was repeated with the potential reversed to 
eliminate influences of bias on the measurement. Rdc 
was obtained from the slope of the current-voltage 
data sets. 
All measured resistances were converted to spe- 
cific conductivities. These are obtained by multiply- 
ing the conductance by the sample thickness and di- 
viding by the electrode surface area. 
2. I. hnpedance interpretation and analysis 
In the temperature range studied the bulk resis- 
tance of BT40 is small enough so that no bulk dis- 
persion due to the dielectric onstant of the sample 
is observed in the frequency range used. All disper- 
sions measured relate to the electrode process. The 
impedance of the Au I BT40 I Au cell is schemati- 
cally represented by the idealized equivalent circuit 
of fig. 2 in which the bulk dispersion is represented 
by R, only. Here the treatment for terbium-gadol in-  
ium zirconate proposed by Van Dijk el al. [ 9 ] is fol- 
lowed. Re, represents the charge transfer resistance 
and Cd~ the double layer capacitance of the electrode. 
R, represcnts the ionic and R~. the electronic con- 
ductivity of the bulk. Eq. (1) expresses the Ire- 
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Fig. 2. Idealized schematic representation f the elements con- 
tributing to the impedance spectrum. 
of Cdl. If o~Cd~ is large with respect o (R~t) ~ in the 
frequency range used this capacitance will form a 
short circuit and the measured (dispersionless) 
impedance will be equal to R~ (eq. (2b)).  On the 
other hand if oJCaj is small with respect o (Rc~) -~ 
in the frequency range used the ionic branch of the 
equivalent circuit will be blocked completely (note: 
Rc , - ,~) .  The measured (dispersionless) resistance 
will then be equal to the electronic resistance. 
quency dependence of the impedance for the equiv- 
alent circuit of fig. 2: 
1 
z (~o)  = 
1 
1 
1 
jo)Ca, + - -  
Rct 
1 
+--  
R~ 
+RI 
Re (Rct +Ri( 1 +jwCa, R¢,) ) 
(Ri +R~) ( 1 +jO)Cd, R~t) +Rc, " 
(1) 
AS the dense gold electrodes are assumed to be ion- 
ically blocking, Rct may be assumed to be large in 
comparison with R~ and R~. IfR~ is much smaller than 
Ri no dispersion will be observed and the measured, 
frequency independent, impedance (resistance), will 
be equal to Re. 
If Ri and R~ are of the same order of magnitude, 
dispersion due to the double layer capacitance can 
be observed. Ideally this dispersion results in a semi- 
circle in the Nyquist impedance plane. The low fre- 
quency intercept with the real axis (dc limit, Rdc) 
then represents he electronic resistance and is given 
in eq. (2a): 
1 1 1 1 
+ - -  (2a) 
Rac Re Ri +Rct Re 
The high frequency intercept (for o9~ ), R~, is then 
given by 
1 l 1 
+ (2b) 
R~ - R~ R i " 
Whether dispersion is observed epends on the value 
3. Resu l ts  
3. I. Influence of the oxygen partial pressure 
At high Po2 values no dispersion was observed. 
Only in nitrogen (Po :=2X 10-4atm) the imped- 
ance measurements showed a clear dispersion. A few 
examples of these are presented in the Nyquist dia- 
grams of fig. 3. The observed ispersion suggests the 
presence of a (semi-infinite) diffusion process 
(Warburg). This Warburg may be attributed to dif- 
fusion of oxygen in the electrode/electrolyte inter= 
face as, with respect to the ambient, agradient is cre- 
ated in the oxygen activity under influence of the ac 
potential. The Warburg is assumed to be parallel to 
the ideal double layer capacitance. Effectively it may 
replace this capacitance. The Warburg diffusion ef- 
fect, however, will not be considered in this study. 
Fig. 4 presents the specific conductivity values ob- 
tained from the (frequency independent) resis- 
tances for Po2 > 2 X 10 4 atm and from the high fre- 
quency intercepts with the real axis in the Nyquist 
diagram for Po2 =2× 10 -4 arm (nitrogen). For the 
measurements at Po2 = 2 × 10 -4 atm the dc conduc- 
tivity is also presented in this graph (line 4). The 
curves of R~ in fig. 4 for Po2 = 1.0 atm (line 1 ) and 
Po2=0.21 atm (line 2) are not straight lines sug- 
gesting that R~ is the sum of two temperature ac- 
tivated processes. 
From the ac and dc measurements at Po~= 2X 
10 -4 atm the ionic and electronic onductivity can 
be obtained using eqs. (2a) and (2b). In fig. 5 the 
resulting electronic onductivity (line 3) and ionic 
conductivity (line 4) are presented. 
The high ionic conductivity of bismuth oxide based 
(mixed) conductors is due to the large concentra- 
tion of empty oxygen lattice sites (mobile oxygen 
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Fig. 3. Examples of frequency dispersion data for BT40 at Po: = 2 X l 0 4 arm. Numbers in the graph represent the frequency in Hz. 
"vacanc ies" )  in the defect f luor ite s t ructure  [ 10]. 
The  equ i l ib r ium of  BT40 with the a tmosphere  is de- 
scr ibed by eq. (3 ) :  
4TbXb + 2V~ + O2.g ~4TbTu + 20~,  ( 3 ) 
with 4Tb~b - 4h'. 
The total concentration of oxygen vacancies will not 
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Fig. 4. High frequency intercept aoo from the impedance data for 
BT40: (1) oxygen (m); (2) air (A); (3) nitrogen (0) and (4) 
ado for nitrogen (+ ). 
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Fig. 5. Electronic ( ( [] ) oxygen, ( & ) air, (~)  nitrogen ) and ionic 
conductivity ( + ) as calculated for BT40. Closed symbols repre- 
sent he total conductivity a~. 
be influenced noticably by a shift in the equil ibrium 
of eq. (3).  Hence the ionic conductivity is expected 
to be virtually independent of  Po2. Using this as- 
sumption and eq. (2b) we can calculate the actual 
electronic onductivity for Po2 = 1.0 atm and Po2 = 
0.21 atm. The results of these calculations are also 
presented in fig. 5 (line 1 and line 2 respectively). 
For comparison the total conductivity values ob- 
tained from Ro~ as measured in oxygen and air are 
added (closed symbols).  
The activation enthalpies for the electronic on- 
ductivities and the ionic conductivity, obtained from 
the slopes of the lines in fig. 5, are presented in table 
2. 
From fig. 5 we see that in oxygen and air, at low 
temperatures, R~ is dominated by the electronic 
conductivity, i.e. the total conductivity is mainly 
electronic. In the high temperature r gion R~ shifts 
to predominantly ionic conductivity. This means that 
although no dispersion is observed, the value of R~ 
is not equal to the dc conductivity, contrary to what 
was assumed in the previous paragraph. In nitrogen 
atmosphere the total conductivity is mainly ionic. 
This is also expressed by the ionic transference 
numbers that can be calculated from the Rc and Ri, 
which are presented in fig. 6 together with some data 
from literature. The transference number measure- 
ments agree with the data of Esaka et al. [2] who 
obtained their data using the concentration cell 
method (low Po2 =0.21 arm, high Po2 = 1.0 atm).  
3.2. Influence of  the sample geometry 
Frequency dispersion measurements on the sam- 
ples B and C in air yielded impedance spectra that 
are comparable with the results obtained for sample 
A. The data were therefore treated similar as de- 
scribed above. In fig. 7 the total conductivity for all 
three samples (A, B and C) is represented by the 
closed symbols. As we already have noted for the 
Table 2 
Activation enthalpies for the lines given fig. 5. 
Activation enthalpies for BT40 
Po2 AH~ AH i 
(atm) (k J/tool) (k J/tool) 
1.0 77+2 110_+1 
0.21 81 + 1 110+ 1 
2)< 10 -4 83 +2 110_+ 1 
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Fig. 6. Ionic transference numbers for BT40 as a function of tem- 
perature and Po2; (1) Po2=l.0atm; (2) Po2=0.21 atm; (3) 
Po2=0.002atm; (4) Po2=0.21 atm. (1)-(3) this work, (4) 
Esaka et al. [ 2 ]. 
measurements  as a funct ion of  the oxygen partial 
pressure, the data points lie on curves that can be 
descr ibed using the sum of  two exponent ia l  equa- 
tions. The data for dif ferent sample geometr ies are 
equal at high temperatures.  At lower temperatures 
the total conduct iv i ty  values seem to increase with 
the cross section to height (S /h )  ratio. 
Because the high temperature data do not vary with 
the geometry and as it was shown above, that at these 
temperatures the total conduct iv i ty  is determined by 
the ionic conduct iv i ty,  we assume that the ion ic  con- 
duct iv i ty is not a funct ion of  the sample geometry. 
Subtract ing these ionic conduct iv i ty  values from the 
total conduct iv i ty  results in the electronic conduc- 
t ivity values as presented in by the open symbols in 
fig. 7. 
F rom this figure it can be concluded that the elec- 
tronic conduct iv i ty  is a funct ion of  the sample ge- 
ometry and decreases with increasing S /h  ratio. The 
act ivat ion enthalpy of  the electronic conduct iv i ty  
however  remains constant. 
"C 
700 600 500 400 300 
C 
v 
v 
BT40 
Air  
+ R, (*) \ ~  
• Rt.~ fB) ~ " 
• R,o t (63 
- 1  i i i 
1.00 1.20 1.40 1.60 1.80 
IO00/T (K-') 
Fig. 7. Total (closed symbols ), ionic ( + ) and electronic conduc- 
tivity (open symbols) for BT40 for different cross section to 
height ratios (table 1 ) as a function of temperature measured in
air. 
4. Discuss ion  
To check the result o f  the conduct iv i ty  measure- 
ments a compar ison with l iterature results is made. 
In table 3 a list of  act ivat ion enthalpies for ionic and 
electronic conduct iv i t ies as found in l i terature is 
given. All values in this table are obtained at 
Po2 = 0.21 atm. The act ivat ion enthalpies for the R~ 
and R, f rom this work are comparable  with the val- 
ues from l iterature (note that the act ivat ion enthal- 
pies f rom l iterature are recalculated for a ' ° log(aT)  
scale). A compar ison of  the specific total conduct iv-  
Table 3 
Total conductivity at T=833 K and activation enthalpy for the 
ionic and electronic conductivities ofBT40 in air. 
Conductivity data on BT40 
Electronic Ionic 
AM ~ 0"833 Ref .  
(kJ/mol) (kJ/mol) (£2 -~ m -~ ) 
63 119 7.8X lO -~ [2] 
84 118 9.1XI0 ~ [5] 
81 110 9.3X 10 -1 this 
work 
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ity values is made at 833 K. As shown in table 3, the 
values for our measurements in air are in agreement 
with values reported in literature, 
The slopes for the Po~ dependence of the elec- 
tronic conductivity in fig. 8 are close to,0.25. The 
electronic onductivity can thus be discribed by: 
cry(T, Po~)=kexp ~-  (Po~) ~ , 
with n~ ¼ . (4) 
This (Po2)~/4 dependency for the electronic onduc- 
tivity is generally observed for electron-hole con- 
ductors, indicating that BT40 is a p-type mixed con- 
ductor. Hence the equilibrium with the gas phase is 
accurately described by eq. (3). From eq. (4) it is 
obvious that if the Po~ decreases the hole conduc- 
tivity will decrease too due to a decrease in the elec- 
tron-hole concentration, i.e. a decrease in the Tb 4+ 
concentration. From XAS measurements on rapidly 
quenched samples, equilibrated at 872 K in air, van 
der Laan et al. [ 6 ] found that only 5% of the terbium 
ions was in the Tb 4+ state. With constant emper- 
ature and decreasing Po~ the ionic transference num- 
ber will therefore approach 1.0. 
This Po2 dependence of the electronic onductiv- 
ity has important consequences for the permeation 
of oxygen through dense ceramic samples of BT40. 
BT40 will become mainly an ionic conductor at low 
Po2 values ( t~ 1.0) hence the permeation measured 
with a gradient in which Po2 values occur lower than 
2× 10 4 arm will be considerably smaller than can 
be expected from the average conductivity data pub- 
lished until now. This mainly ionic conducting zone 
will behave like a solid electrolyte and the permea- 
tion will be determined by the value of the a~ in this 
zone (Wagner theory) which is considerably smaller 
than the average value. 
The results of the conductivity measurements as a 
function of sample geometry show a dependence on 
the geometry for the electronic onductivity. This in- 
dicates that an extra contribution to the electronic 
conductivity must be present. This extra contribu- 
tion cannot however simply be explained by a sur- 
face conductivity because it can be shown that for 
the samples B and C the influence of the difference 
in geometry isequal for the bulk and the surface con- 
ductivity, i.e. a difference in electronic onductivity 
cannot arise from surface conductivity. 
An explanation for this observed phenomenon can 
not be given at this point. 
5. Conclusions 
3 
c 
2 
b 
o 
c, 
1 
BT40 
. . . . . .  "" "4 4 - 797 K 
, , , , , , 5, 747 ,  K 
0 
-4 -3 -2 -1 0 1 
BT40 is a p-type mixed conductor. 
The activation enthalpy for the electronic con- 
ductivity varies slightly with Po2 between 77 kJ/mol 
in pure oxygen to 83 kJ/mol for nitrogen (Po: = 
2X 10  -4  atm). 
At low Po2 the ionic transference number ap- 
proaches the value 1. 
The electronic onductivity seems to vary with the 
cross section over height ratio. 
The measurement of the ionic and electronic on- 
ductivity using blocking electrodes i likely to pro- 
duce results that are more accurate than data ob- 
tained by the concentration cell method. 
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